This paper presents the results of system assessments that were conducted to compare conventional and advanced water-gas shift reaction section in Integrated Gasification Combined Cycles (IGCC) with pre-combustion CO 2 capture. The advanced shift reaction section comprises four staged reactors with distributed feeds of syngas and quench water in between the reactors. This configuration reduces the steam requirement of the shift reaction up to 70% in comparison with conventional configurations, at carbon capture ratios of approximately 85%. The specific lost work per amount of CO 2 was used to determine the optimum carbon capture ratio for each case.
Introduction
Clean coal conversion to electricity via coal gasification with pre-combustion CO 2 capture gained increased interest in the recent past. However, the implementation of the CO 2 capture section in Integrated Gasification Combined Cycles (IGCC) forms a challenge in pursuit of commercial application of CO 2 capture and storage.
The most important barrier for large-scale application is the loss in electric efficiency that is associated with CO 2 capture. During pre-combustion capture this loss comprises the steam requirement for the water-gas shift (WGS) reaction, the reduced heat of combustion of the synthesis gas stream caused by carrying out the water-gas-shift reaction, as well as the energy consumption for CO 2 separation and compression. These latter two losses are -to a large extent-governed by the relative amount of CO 2 captured, i.e. the carbon capture ratio. Decreasing the steam requirement for the water-gas shift (WGS) reaction during CO 2 capture provides an important option to reduce the efficiency penalty. Figure 1 displays an IGCC with pre-combustion CO 2 capture. The water-gas shift reaction was discovered over two centuries ago and presently serves in various chemical processes, such as production of ammonia, methanol or Fischer-Tropsch liquids [1] . The equilibrium reaction converts carbon monoxide and steam into hydrogen and carbon dioxide, and is moderately exothermic.
The shift reaction is equilibrium limited, which implies that the extent of carbon monoxide conversion is dependent on the temperature in the shift reactor. The carbon monoxide conversion is thermodynamically favoured at lower temperatures, while catalyst activity is generally higher at higher temperatures. Downstream of coal gasification the relatively high carbon monoxide concentration in the syngas results in a large temperature increase upon conversion. This high concentration results in a large steam requirement both to meet the minimum steam/CO-ratio needed to protect the catalyst and to enhance the equilibrium conversion.
Several types of water-gas shift catalysts are commercially available and widely applied in practice, the three most important being [2] :
• Reactors with high-and low-temperature shift catalysts are often operated in sequence, where the high-temperature reactor converts the bulk of carbon monoxide and low-temperature reactor reduces the CO-slip up to ppm levels at the reactor outlet. Reactors with sour shift catalysts are used for bulk carbon monoxide conversion, since the CO-slip levels are higher than with LTS catalysts.
The steam requirement of shift reactors is significantly larger than the stoichiometric amount of steam required for the carbon monoxide conversion. This is attributable to catalyst stability requirements concerning the minimum inlet steam/CO-ratio and the maximum operating temperature, as well as to enhance the equilibrium conversion. Isothermal operation would result in the highest obtainable carbon monoxide conversion; in this case the shift reactor is cooled by generating saturated steam from boiler feed water. However, the minimum required steam/CO-ratio is not influenced by isothermal operation; therefore this reactor configuration was not considered during the assessments presented in this paper.
A total water quench downstream of the gasifier is frequently suggested as a means to increase the moisture content of the syngas prior to the water-gas shift reactor section [5, 6] . The reduction of the steam demand appears favourable, since the steam/CO-ratio at the inlet of the water-gas shift section increases significantly. However, the high-temperature syngas obtained from the gasifier could also be employed to raise high-pressure steam in a syngas cooler, thereby reclaiming part of the cold gas efficiency loss and increasing the overall net power output [7] . Furthermore a large amount of the water that is evaporated during the total wet quench passes the shift reactor section without reacting. This results in relatively large heat and moisture reclamation units as well as an increased cooling water demand. Similar consequences are also expected for conventional watergas shift sections.
The objective of the research described in this paper is to reduce the efficiency penalty that is associated with increasing the syngas moisture content during pre-combustion CO 2 capture in IGCC power plants. This increase is required to facilitate the water-gas shift reaction, and usually involves steam addition to the syngas or application of a wet quench downstream of the gasifier. An advanced design for the shift reactor section will be presented that enables efficiency penalty reductions up to 50%, while achieving carbon capture ratios of approximately 85%.
Methodology
A qualitative assessment of an optimum shift reactor section implemented in an IGCC with pre-combustion CO 2 capture was made using strategies developed by [8] . This indicated that staged injection of synthesis gas and quench water between reactors could reduce the steam requirement. Moreover, the carbon monoxide conversion is enhanced by staged addition of reactants as well as the corresponding temperature quenches. The application of either high-temperature or sour shift catalysts is pursued, since these do not impose additional purity demands for sulphurous components. The existing purity demands are adapted to prevent corrosion and possible fouling in the colder sections of the HRSG [3] . Both catalysts are also commercially available and used on a broad industrial scale. Figure 2 displays the layout of the resulting advanced shift reactor section. Syngas is split and directed to the four reactors; the first split stream can be preheated and is mixed with intermediate pressure (IP) steam. After the first reactor, the hot outlet stream is quenched with water, then mixed with the second syngas split stream and subsequently lead to the second shift reactor. This sequence is repeated prior to the third and fourth reactor. The outlet of the fourth reactor can be applied to preheat the first split stream and subsequently to generate additional IP steam. The intermediate quenches are expected to result in a lower initial steam requirement due to the addition of water, being both a coolant and reactant. This will also reduce the size of the heat and moisture reclamation unit downstream of the shift reactor section. In theory an indefinite number of reactors with intermediate water and syngas quenches would lead to the highest overall conversion. However, when more than four reactors are used, the carbon dioxide conversion will be in very close proximity of the equilibrium conversion, which results in a very low thermodynamic driving force for the shift reaction. Moreover, the relatively low temperatures lead to a reduced catalyst activity. Both phenomena lead to increased reactor volumes to achieve the required conversion; hence the design of the advanced shift reactor section is limited to four shift reactors.
For the conventional cases the reactor configuration resembles the one displayed in Figure 2 , although the feed splitting approach of the syngas was abandoned, as well as the third and fourth reactor and the upstream water quenches associated with these reactors. The syngas feed can be (partially) bypassed over the shift reactor section.
Analysis
This assessment focuses on the application in IGCC power plants with entrained flow coal gasification using oxygen as oxidant. The absence of nitrogen during gasification reduces the coal feedstock and the oxidant requirement, while the syngas has a relatively high calorific value. Gasification takes place at elevated temperatures; hence the carbon conversion is high. This makes gas cleaning and treating is relatively straightforward and waste streams are easy to handle, in comparison with other gasification types. The syngas is available at high pressure, which mitigates the need for additional compression prior to the combined cycle. Entrained flow gasifiers are categorised by coal pressurisation method: dry-fed where coal is pressurised with gas (often nitrogen) and slurry-fed where coal is mixed with water and pressurised [9] . Only single-stage gasifiers [7] were considered during the assessment. The assessed cases are displayed in Table 1 . Dry-fed gasification allows implementation of both high-temperature and sour shift catalysts, since the water content in the syngas after the desulphurisation section is rather limited. Slurry-fed gasification is only suited for sour shift catalysts due to the high moisture content in the syngas that is obtained from gas cleaning section. Application of high-temperature shift catalysts would result in condensation of the water content prior to the desulphurisation section that is operated at near-ambient temperatures [10] . Subsequently steam should be added again to facilitate the shift reaction which results in an exceptionally large efficiency penalty. Table 2 displays the gas composition and conditions at the inlet of the shift reactor section for the cases described above and taken into account the assumptions mentioned later in this Paragraph. All cases were analysed using the process modelling tool AspenPlus, which was expanded with the add-on tool 'Exercom' [11] . The latter provides the exergy content (chemical, physical, mixing and total exergy) per flow sheet stream. Exergy defines the potential for power conversion of process streams with respect to a given environment [12] ; exergy analysis of a process therefore identifies the opportunities to reduce losses. The lost work is represents the irreversible exergetic loss over the control region, and equals the product of the entropy production rate and the temperature of the environment. The control region only involves the shift reactor section without heat and moisture reclamation, as displayed in Figure 2 .
In order to perform reactor size calculations, expressions of intrinsic kinetics were taken from [13] and [14] , for hightemperature shift and sour shift catalysts, respectively. The intrinsic kinetics for the high-temperature shift catalyst accounts for a H 2 S concentration of 75 ppm, hence the actual activity is expected to be higher due to the lower concentrations for Cases 1A and 1B. An adiabatic pseudo-homogeneous one-dimensional reactor model was prepared in Matlab, to calculate the catalyst volume required for the 10 K temperature approach that was assumed in the AspenPlus simulations.
Catalyst deactivation in time was not taken into account during calculation of the volumes. In practice the reactors will be over dimensioned, where the extent of over dimensioning is an economic trade-off between the increased costs for the reactor vessels and the costs associated with catalyst replenishment.
Sensitivity analyses were performed for the advanced shift reactor section cases, were the split fractions to reactors 1 to 4 and the bypass were varied between 0 and 1, while the sum of all fractions amounted 1. These analyses provided all relevant process data, such as steam requirements, quench water addition, exergy content per stream, stream temperatures and compositions
The following variables were manipulated to maintain catalyst operating conditions: IP Steam addition: 0 -270 kg/s Water quenches: 0 -50 kg/s Capacity preheater:
0 -20 MWth
The most important assumptions with respect to the system assessments were: C o a l t y p e : E a s t e r n A u s t r a l i a [ 
Results and Discussion
The results of the analyses demonstrate that implementation of the advanced shift reactor section leads to significant reductions of the steam requirement compared to conventional shift reactor sections.
The specific lost work per amount of CO 2 captured is displayed in Figure 3 . The specific lost work is initially high for the dryfed gasification cases (Cases 1A, 1B, 2A and 2B), since the CO 2 partial pressure and the resulting carbon capture ratio are relatively low. The IP steam addition must be increased to obtain a higher carbon capture ratio, although this results in a decreasing specific lost work per amount of CO 2 captured. For the slurry-fed gasification cases (Cases 3A and 3B) the initial carbon dioxide and moisture content are relatively high, which results in a low specific lost work and a high initial carbon capture ratio. The steam/CO-ratio for the first reactor in Case 1A and 1B is 4.28, which is required to limit the outlet temperature to 500 °C and avoid catalyst sintering. For the other cases the steam/CO-ratio for the first reactor matches the assumed minimum of 2.0 [16] . Increasing the steam addition in pursuit of case carbon capture ratios beyond 85% appears unfavourable, since the effect on the equilibrium conversion is marginal. Figure 3 Specific lost work as function of carbon capture ratio Minimising the specific steam consumption per amount of CO 2 captured was also considered in order to obtain the optimum carbon capture ratio, but this approach would only account for direct effects on the electric output of the bottoming cycle. The approach of minimising the lost work also accounts for the heat that could be reclaimed after the shift reactor section, as well as effects of the syngas composition on combustion and expansion in the gas turbine.
The efficiency penalties for all cases were calculated for the carbon capture ratios with the lowest specific lost work, which are displayed in Table 3 . These illustrate that application of systems with sour shift catalysts is more advantageous than hightemperature shift catalysts [17] . This is ascribed to the lower inlet temperature of the sour shift reactors (250 ºC instead of 350 ºC), which thermodynamically favours the carbon monoxide conversion. The efficiency penalties are approaching the upper limits of the ranges specified in [18] . The overall steam/CO-ratio is significantly lower for the advanced cases, while the optimum carbon capture ratios are only slightly higher for the conventional cases. The steam requirement of the advanced shift reactor section is reduced with 70 -75% compared with the conventional shift reactor section, when a carbon capture ratio up to approximately 85% is pursued. Application of a staged configuration for higher capture ratios, e.g. for hydrogen production as proposed by [19] seems undesirable. The pursuit a hydrogen recovery factor that is in close proximity of 100% is expected to result in significantly increased steam requirements and associated efficiency penalties. Moreover, the produced hydrogen still contains impurities such as carbon monoxide, nitrogen and hydrogen sulphide, which would make it inappropriate to use in applications such as synthesis processes or fuel cells, without prior treatment.
The optimum split fractions of the feed stream as function of the carbon capture ratio for the advanced cases are displayed in Figure 4 through Figure 6 . Four different regimes can be distinguished from all these figures:
1. No capture, where the syngas stream is bypassed around the shift reactor section. 2. Capture, where the amount of steam and evaporated quench water that is present in the shift reactor section is sufficient to reach the desired carbon capture ratio (roughly below 80% CO 2 capture). The total steam consumption is linearly dependent on the carbon capture ratio, and consequently the ratio between the four split fractions is equal. 3. Capture, where the amount of steam and evaporated quench water that is present in the shift reactor section is insufficient to reach the desired carbon capture ratio. The feed splitting approach is gradually abandoned until the entire syngas stream passes all four reactors. The total steam consumption is exponentially dependent on the carbon capture ratio, which implies that the excess of steam is required to overcome the thermodynamically limited equilibrium conversion. 4. Capture, where the entire syngas stream passes all four reactors and the steam addition exceeds the assumed minimum steam/CO-ratio at the inlet of the first reactor.
The split fraction over the second reactor is relatively high for Case 1A. This is attributable to the relatively high steam/COratio of 4.28 to maintain the outlet temperature at 500 °C in the first reactor, therefore a relatively large amount of water passes the reactor without being converted. For Case 2A and 3A, the split fraction across the first reactor is higher, due to the lower inlet temperature and the higher initial moisture content of the syngas; at a steam/CO-ration of 2.0 the outlet temperature remains well under 500 °C.. Figure 4 Optimum split fractions Case 1A Figure 5 Optimum split fractions Case 2A Figure 6 Optimum split fractions Case 3A
The Matlab model was used to calculate the required minimum catalyst volumes; the results are displayed in Table 4 . The catalyst volumes for the advanced cases are higher in comparison with the conventional cases. The catalyst volumes for the advanced cases are higher in comparison with the conventional cases. The total volumes are smallest for Cases 1A and 1B, as well as the relative increase between both volumes. This implies that based on volume the activity of the high-temperature shift catalysts is higher than that of the sour shift catalysts; especially since during dry-fed gasification almost all carbon in the syngas feed streams is present as carbon monoxide, which requires a higher conversion. Cases 3A and 3B outperform Cases 2A and 2B with respect to total volumes and relative volume increase, since the syngas feed streams in Cases 3A and 3B already contain approximately 25% of the carbon content as carbon dioxide.
The reactor volumes increase towards the downstream side of the shift reactor section, in particular the volume of the last reactor. For all cases the syngas inlet stream for the last reactor was obtained from an upstream shift reactor, hence the driving force for the conversion is only established by the addition of water and the associated temperature drop. 
Conclusions
The results of the assessments demonstrates that the implementation of advanced shift reactor sections result in reductions of the steam requirement up to 70% when compared with conventional shift reactor sections. Consequently, the efficiency penalties for the advanced sections are significantly lower than the corresponding conventional sections, at approximately equal carbon capture ratios.
The optimum carbon capture ratios for each case were found by minimising the specific lost work per captured amount of CO 2 . This approach is considered to be more comprehensive than only minimising the specific steam consumption per captured amount of CO 2 . Application of sour water-gas shift catalysts appears more advantageous, since the high moisture content in raw syngas can be employed to reduce the steam consumption. These catalysts are also active at lower temperatures than hightemperatures shift catalysts; these are thermodynamically favourable for the equilibrium conversion. A possible disadvantage is the increase in reactor volumes for the advanced shift reactor sections, which ranges from 28 to 53% in comparison with conventional shift reactor sections.
